Purpose of Review Total joint arthroplasty is regarded as a highly successful procedure. Patient outcomes and implant longevity, however, are related to proper alignment and position of the prostehses. In an attempt to reduce outliers and improve accuracy and precision of component position, navigation and robotics have been introduced. These technologies, however, come at a price. The goals of this review are to evaluate these technologies in total joint arthroplasty and determine if they add value. Recent Findings Recent studies have demonstrated that navigation and robotics in total joint arthroplasty can decrease outliers while improving accuracy in component positioning. While some studies have demonstrated improved patient reported outcomes, not all studies have shown this to be true. Most studies cite increased cost of equipment and longer operating room times as the major downsides of the technologies at present. Long-term studies are just becoming available and are promising, as some studies have shown decreased revision rates when navigation is used. Finally, there are relatively few studies evaluating the direct cost and value of these technologies. Summary Navigation and robotics have been shown to improve component position in total joint arthroplasty, which can improve patient outcomes and implant longevity. These technologies offer a promising future for total joint arthroplasty.
Introduction
Total hip and knee arthroplasty are highly successful operations that offer significant pain relief and restore function in most cases [1, 2, 3] . Studies have shown that proper alignment in both hip and knee replacement can lead to improved postoperative outcomes including postoperative function, postoperative pain, and improved longevity of the implant [4•, 5•, 6] .
Improving outcomes after total joint replacement have always been a goal for orthopedic surgeons. In the pursuit of improving outcomes after surgery and longevity of the implants, surgeons have begun to use technology in hopes of achieving these goals.
Computer-navigated and robotic-assisted total joint replacement has been introduced over the last two decades. As with any new technology, these systems come with a learning curve and a potential increased cost to the surgical procedure. Increased initial cost can be offset by reduction in hospital stay, complications, and future revision surgeries. The goals of this review are to provide a brief overview of these technologies while evaluating the literature surrounding these technologies and finally to review studies related to value of technology in total joint arthroplasty.
This article is part of the Topical Collection on Quality and Cost Control in TJA
Total Knee Arthroplasty
Total knee arthroplasty has enjoyed long-standing success in pain relief and improvement of function. These two outcomes, along with longevity of the implant, however, have been shown to be related to correct positioning of the components [4•, 6-8] . Navigation has been introduced in total knee arthroplasty in an attempt to improve component position and restore the mechanical axis.
Computer-Assisted Total Knee Replacement
Computer-assisted surgical (CAS) navigation was introduced in the 1990s. CAS total knee replacement comes in three distinct types. These include imageless (including accelerometer based), preoperative image based, and intraoperative image based. Depending on the types of navigation, the computer integrates the information from landmarks on the images and/or landmarks taken at the beginning of the surgery with data acquired during the surgery to determine the frontal and sagittal plane to properly position the cutting guides.
Imageless CAS
Two main types of imageless systems exist: accelerometer based and optical navigation systems. The accelerometerbased ( Fig. 1 ) navigation uses a hand-held accelerometer that attaches to the bone to establish the axis of the limb and then attaches to the cutting guides to guide its position. Optically based imageless navigation systems (Fig. 2 ) use optical localization between probes and secured pins that define the surface of the bone or bony landmarks and an optical sensor attached to the computer. Imageless systems have the benefit of avoiding radiation with the preoperative computerized tomography (CT) and avoid the cost of preoperative CT or magnetic resonance imaging (MRI). The accelerometer-based system has another added benefit over older imageless and image-based navigation systems as they avoid securing pins to the patient outside the immediate surgical field. Though rare, pin sites have been shown to be susceptible to infection or fracture at the pin site [9] . New technologies are moving towards pinless navigation to avoid these complications [10, 11] .
Image-Based CAS
Image-based navigation systems use either a pre-operative CT or MRI scan to form a 3D model in the computer of the patient's specific anatomy. Then, prior to beginning the surgery, the surgeon uses optical navigation to register the patient which is then matched to the 3D model that has been created. The image-based approach gives the surgeon the ability to plan implant positioning before surgery. Further, the surgeon has the ability to intraoperatively alter the position of the components because there is no constraint to the specific plan. 
Outcomes
As previously mentioned, the ultimate goal of adding computer assistance to total knee replacement is to add value by improving patient-reported outcomes and reducing surgical costs by reducing complications and the need for revision surgery. In their randomized control trial of patients undergoing simultaneous bilateral total knee arthroplasties, Zhang and colleagues found that the CAS total knee group had significantly better coronal and sagittal alignment compared with the conventional total knee group. In the CAS group, there were no outliers greater than 3°from the mechanical axis in the coronal plane, whereas there were 9 in the conventional group. The two groups did not differ in terms of rotation of the femur, and at early follow-up (6 months), there was no difference in outcomes based on Hospital for Special Surgery (HSS) Scores. Important for the discussion of cost, the CAS group had an average operative time of 90 versus 58 min in the conventional group. In another study which utilized an accelerometer-based navigation technique, Nam and coauthors used postoperative radiographs to determine the accuracy of the system in placing the tibial component. They found this navigation technique to accurately place the tibial component within 2°of the coronal (90°) and sagittal goal (3°slope) 97.6 and 96.2% of the time, respectively [12] . Short-term outcomes in total knee replacement have also been shown to be improved with CAS. In their meta-analysis, Rebal et al. found that CAS was more likely to place the components within 3°of the ideal mechanical alignment compared with conventional total knee arthroplasty (87.1 vs 73.7%, p < 0.01). Further, they found navigated knees to have increased Knee Society Scores (KSS) at both 3-month (68.5 vs 58.1, p = 0.03) and 12-32-month follow-up (53.1 vs 45.8, p < 0.01). Similar to other studies, their analysis also demonstrated that CAS had significantly longer operative times over conventional surgery (101.6 vs 83.3, p < 0.01). Longer term follow-up is important in determining if CAS is in fact adding value to knee replacement. Cip and co-authors demonstrated an improvement in Insall knee Score and HSS knee score at minimum 5-year follow-up. They did not, however, find a difference in Western Ontario and McMaster Universities Arthritis Index (WOMAC) scores [13•] . In a separate study, at an average of 46 months (range 30-96 months), Blakeney and colleagues found a trend towards improved Oxford Knee Scores (OKS) in the computer-navigated group and a significantly improved OKS when the mechanical axis was within 3°of neutral (p = 0.045) [14] (more often seen in the navigated group).
A recent study assessed outcomes at 10-year follow-up. This study, performed by Baumbach and collegaues, retrospectively reviewed a consecutive series of 217 cases and were able to report on 46 conventional and 50 CAS total knee replacements at 10 years [15] . They found that the CAS group had a 22-min longer average surgery (p < 0.0001) and on average were about 5 years younger than conventional patients (p < 0.00001). Further, they found that the navigated group had a mechanical axis within the acceptable 3°of neutral in 78% of the cases, whereas conventional was in the acceptable range in 58% of cases. At 10 years, 19 revisions had been performed, with 8 for aseptic loosening. There were 7 in the conventional group and 1 in the CAS group, equating to 87% survival for the conventional group and 98% in the CAS group (p = 0.03). Using the HSS and KSS scores for postoperative outcomes, they found no difference between the two groups at 10 years (p > 0.19). The authors do comment that those patients undergoing CAS surgery had a lower "pain" category than the average population. They conclude that CAS offers a higher chance of optimal component position and a significantly lower revision rate at 10 years.
In another mid-to long-term study, de Steiger used the Australian registry to assess revision rate in total knee arthroplasty with and without the use of CAS [16] . They evaluated the registry from January 1, 2003 until December 21, 2012 and found that the rate of CAS surgery increased from 2.4 to 22.8%. They found that the overall revision rate among conventional total knees during that time period was 5.2% compared with 4.6% in the navigated group (p = 0.15). This difference became even greater when comparing knees performed in those patients under 65. In patients under 65, there was a statistically smaller revision rate in the CAS group, 6.3 versus 7.8% (p = 0.011). Further, when specifically evaluating revision for aseptic loosening in those patients less than 65, again, CAS had a significantly lower revision rate (1.6 vs 2.6%, p = 0.001). Finally, they evaluated the rates of major revision and found that in the entire age cohort, CAS decreased the rate of major revision over conventional surgery (2.1 vs 2.7%, p < 0.001). They found no difference in the rates of minor revision between the entire cohort with regards to navigation.
Another potential benefit of CAS in knee arthroplasty is mitigating the need to violate the femoral canal, which can decrease blood loss. In their study, Licini and Meneghini demonstrated that total knee arthroplasties performed with computer navigation had less hourly hemovac drain output (p = 0.02), smaller hemoglobin change (p = 0.001), and a lower estimated blood loss (p = 0.001) [17] . They proposed that avoiding violating the femoral canal as a potential source of less blood loss. In a meta-analysis by Moskal and colleagues, they reviewed studies with a total of 7151 knee arthroplasties and found that blood loss was significantly lower in the navigated group, along with improved component alignment and higher clinical ratings [18] .
Not all studies demonstrate benefit with CAS in knee replacement surgery. In 2013, Burnett and Barrack performed a systematic review of navigated versus conventional total knee replacement asking the question: "Does the literature contain evidence of better long-term function and lower revision rates with navigated TKA compared with conventional TKA?" [19] . They conclude that navigation does improve coronal plane alignment, but found little evidence of improvement with regards to other variables. They found longer surgical times and unique complications (such as pin site fracture and infection) associated with CAS. At the time of their study, they concluded that current studies did not support CAS over conventional TKA.
Robotic-Assisted Total Knee Arthroplasty
Another technology introduced in knee replacement surgery is robot-assisted surgery. At present, four robotic systems are available for knee replacement.
The Robodoc/TSolution One Surgical System (Curexo Technology, Freemont, CA and Think Surgical Inc.) is available for total knee arthroplasty. The system uses a preoperative CT scan and a milling reamer to prepare the tibia and femur in TKA. While not in widespread use in the USA, Robodoc has been shown to improve accuracy compared with conventional total knee arthroplasty [20, 21] .
iBlock is a robotic cutting guide from OMNIlife Science (East Taunton, MA). This system is a motorized bone mounted cutting guide that uses an intraoperatively created 3D model of the patient's bone from data taken by the surgeon. The robotic-motorized cutting block is mounted to the patient's femur, and after the sizing and bone cuts are determined from the computer model, the guide moves to allow the surgeon to make the specific cuts. This system is used in conjunction with the Nanoblock, which is a separate adjustable tibial cutting guide. Few studies exist using this system; however, the system has been shown to be extremely precise and accurate in a saw bone model [22] . In the single clinical study available, it allowed a single surgeon to stay within 3°of neutral with regards to bone cuts in the first 100 cases [23] .
The Navio surgical system (Smith and Nephew Memphis, TN) (Fig. 3) is somewhat of a robotic system, but is more accurately labeled a hand-held, imageless burring system that utilizes an intraoperatively created 3D model from the patient's anatomy. The system then allows the surgeon to plan the bone resection and implant sizes prior to beginning the bone resection with the burr tool. The system tracks the patient's limb and the hand-held burring tool, stopping or retracting the burr to keep the surgeon within the defined limits of the implant resection. Navio began with limitations to only UKA but has now been expanded to total knee applications.
The final robotic system for TKA is the Robotic Arm Interactive System (Rio; Mako Stryker, Mahwah, NJ) (Fig. 4) . Only just recently released for total knee application, this system uses a robotic-controlled arm with saw blade attached to make the bone cuts in TKA. The patient undergoes a preoperative CT scan from which a 3D model is created. This allows the surgeon to preoperatively template both the bone cuts and the implant size and position to be used in the surgery. While still early in its release, it has been shown to be more accurate than conventional TKA [24] and more friendly to soft tissues [25] . Future clinical studies are needed to determine the value added by all of these robotic TKA systems.
Unicompartmental Knee Arthroplasty
While not a principle topic of this article, it is necessary to mention the role navigation and robotic assistance has played in improving outcomes and component alignment with unicompartmental knee arthroplasty (UKA). UKA is on the rise and currently comprises about 8% of all knee arthroplasties and the rate of use is increasing [26] .
In a prospective, randomized controlled study from the United Kingdom, Bell and colleagues compared 58 conventional UKAs with 62 UKAs performed with robotic assistance (MAKO Surgical at the time of study, currently Stryker Corp. Mahwah, NJ). They found that accuracy of component positioning was significantly improved with the robotic arm assistance (p < 0.01) [27] . In another study using the robotic arm, Pearle et al. followed 909 UKAs for 2.5 years, finding a revision rate of only 1.2%, and in those not revised, they have 92% satisfied or very satisfied [28] . Using the Navio system described above in a cadaveric study, Lonner et al. demonstrated less than 2°of error when implanting unicondylar prostheses with the Navio Precision Freehand Sculpting tool (Blue Belt Technologies at the time of study, currently Smith and Nephew, Memphis TN) [29] .
Total Hip Arthroplasty Imageless Navigation
Non-robotic computer navigation systems can be categorized based on whether they require pre-operative imaging. Imageless navigation relies only on intra-operative registration of bony landmarks to create a virtual 3D model of the patient's anatomy and determine the patient's relative positioning. Whereas image-based navigation systems can generate patient-specific 3D reconstructions of the patient's actual anatomy, imageless systems can only map landmarks identified by the surgeon onto a generic pelvis model. These systems use specific intraoperative landmarks to allow the computer to provide values for version and inclination, offset, and leg length. This can be one of the limitations of this technique, as proper registration is key to success. Imageless navigation requires less capital investment than in robotic equipment, spares the patient radiation exposure and expense associated with pre-operative imaging, and requires only minimal set-up for each surgical case. Although surgical time decreases with experience, imageless navigation typically lengthens the total surgical time by about 12-18 min, due to additional registration steps.
OrthAlign (OrthAlign Inc., Aliso Viejo, CA) is a disposable palm-sized accelerometer-based device that is compatible with all implant systems for both hip and knee arthroplasty [30] . The device consists of a disposable computer display unit and a reference sensor, to be used for acetabular preparation. Rather than pointing to multiple reference points on the limb to define the femoral reference plane, the surgeon moves the limb in specific patterns. The computer then calculates the mechanical axis of the limb based on measurements from the accelerometer. The device is then mounted on cutting jigs, and it provides real-time feedback for the surgeon to perform bony resection [30] .
Another imageless system is the HipXpert (Surgical Planning Associates, Medford, MA) that enables a simple mechanical device to dock to the pelvis in a patient-specific manner and thereby guide cup orientation. Cup anteversion and inclination were significantly more accurate in cups placed using the HipXpert system than in those placed with traditional CT-based navigation [31] .
Research has confirmed that imageless navigation systems are generally precise and reliable. In one study, imageless navigation yielded precise and reproducible cup positioning within 5°for both inclination and abduction, compared to 12°f or inclination and 13°for abduction among cups placed by experienced surgeons without navigation [32] . Similarly, other authors have shown that over 97% of acetabular components placed with imageless navigation were within the safe zone of ±10°for both inclination and anteversion [33] .
A primary benefit of computer navigation for THA appears to be a reduction in the number of cups placed far outside the acceptable safe zone. A prospective RCT comparing conventional non-navigated THA to the ORTHOsoft imageless navigation system (Zimmer, Warsaw, IN) demonstrated no difference in cup abduction angles, but final cup anteversion deviated significantly less from the planned angle of 15°in the navigated group [34•] .
Imageless navigation can also facilitate limb length restoration. In a randomized comparison of imageless navigation and fluoroscopy (without navigation), there were no significant differences between groups in leg length restoration and femoral offset, but the navigated group had fewer outliers more than 5 mm outside the target zone accounting for both leg length and femoral offset [35] . Other groups have also demonstrated the ability to restore limb length to within 6 mm of the contralateral limb in over 95% of cases [36] , although there is currently no clear evidence that navigation restores limb length better than conventional THA.
Renkawitz et al. conducted an RCT comparing conventional THA to a femur-first technique using the Brainlab imageless navigation system, which presented the surgeon with a 3D representation of the recommended cup position to maximize bony coverage and impingement-free motion. Both groups had over 87% bony surface contact with the cup, but more patients in the navigation group achieved maximal impingement-free range of motion (84%, 48/66 vs 65%, 43/69). Harris hip scores were significantly higher in the navigated group at 6 weeks, but the difference was clinically unimportant, and by 6 months and 1 year, there were no differences between groups [37] . Patient satisfaction, clinical outcomes, and manual ROM testing were equivalent in both groups at 1 year. Retrospective comparisons of imageless navigation and conventional THA found no differences in Haris hip scores, periprosthetic bone mineral density, range of motion, or polyethylene wear at 5-7 years postop [38] .
Image-Based Navigation
Image-based navigation uses pre-operative CT, MRI, or fluoroscopy to facilitate surgical planning and execution. CTguided navigation is the most common form of image-based navigation. Pre-op planning for non-robotic CT-based systems is essentially the same as for CT-based robotic systems. Intraoperatively, the surgeon registers bony landmarks and instruments and receives computer feedback about instrument and implant positioning. However, in contrast to robotic THA, the surgeon executes the entire procedure without any constraint from the robot. This gives the surgeon more freedom to alter the preoperative plan based on intraoperative findings, but also allows the surgeon to err or place the components outside the recommended zone.
Fluoroscopic navigation is similar to imageless navigation because neither uses preoperative imaging. Instead, the surgeon registers each landmark intraoperatively using fluoroscopy. Although fluoroscopic navigation may seem more accurate because it includes patient-specific imaging, the registration process is cumbersome and it does not appear to offer any advantages over imageless navigation [39] .
CT-based navigation systems provide more accurate measurements of cup alignment than conventional THA, resulting in fewer cup positioning outliers [40, 41, 42•] . One retrospective review of 180 navigated THAs and 120 manual THAs demonstrated a significantly lower rate of cup placement outside the Lewinnek zone (0 vs 26%) and significantly fewer postoperative dislocations (0 vs 8%) in the navigated group, although there was no significant difference in 13-year implant survival [43] . A systematic review of publications including 400 patients revealed no significant difference in mean cup inclination or anteversion between the conventional and navigated groups, but variability in cup position and the risk of placing the cup outside the safe zone were significantly reduced in the navigation group [44] .
Robotic Navigation
Robotic systems assist the surgeon in executing the surgery by transferring the pre-operative imaging data and templating to a robotic surgical assistant with an articulating arm that attaches to the surgical instrument or implant, such as the acetabular reamer or cup [45] (Fig. 5) .
Robotic assistants can be classified into "fully active" and "semi-active" systems, depending on the degree to which they permit the surgeon to retain some control over the task. Drs. William Bargar and Howard Paul created the first robotic device for total joint arthroplasty, the ROBODOC system, in 1985 [46] . It is a CT-based computer-aided robotic milling device originally designed to facilitate femoral component preparation and implantation. Fully active robotic systems like ROBODOC can perform specific tasks or entire procedures autonomously. For example, in this system, the preoperative plan is created using the ORTHODOC software, which creates a 3D virtual model of the patient's anatomy based on preoperative CT. This plan is then transferred to the ROBODOC surgical assistant, which completes all reaming, broaching, and positioning of the final femoral implant. The surgeon oversees the robot and can activate an emergency stop button, but does not directly control the robot.
Alternatively, "semi-active" systems offer "active constraint," in which the surgeon has ultimate control over the surgical process, but receives auditory or tactile feedback from the robot to constrain the surgeon to a boundary defined by the computer based on the 3D imaging preoperative plan. For example, a semi-active robot such as the MAKO Robotic Arm Interactive Orthopedic (RIO) System (Stryker, Mahwah, NJ) will permit the surgeon to slightly adjust the angle at which the cup is reamed, but will not permit the surgeon to push the reamer more than a few degrees beyond the planned cup position. By combining 3D femoral and acetabular planning, the surgeon can plan modifications to the femoral stem size, offset and positioning to account for changes to the acetabular center of rotation. The software measures changes in limb length and combined offset relative to both the preoperative ipsilateral limb and the contralateral limb. Because robots do not fatigue and can easily overcome torque from larger reamers, robots permit single-stage acetabular reaming, which can decrease surgical time.
Surgical time is consistently increased in robotic THA, although the reported increase in surgical time varies widely between authors [47] [48] [49] . However, with single-stage reaming and familiarity, robotic hip surgery can become time neutral.
Robotic systems require substantial upfront financial investment for the robot and software, as well as recurring costs associated with each surgical case. At one Japanese institution, each robotic surgery incurred $1500 additional cost for disposable equipment such as drapes and bone cutters [47] . Robotic THA is also subject to the disadvantages of CT-based systems, including increased cost and radiation exposure associated with the scan and longer time devoted to preoperative planning.
Outcomes
Studies demonstrate some improvements in femoral component radiographic parameters associated with the fully active ROBODOC system. The initial randomized multicenter feasibility study for ROBODOC using a posterior approach demonstrated statistically significant improvements in fit, fill and alignment compared to non-robotic THA, and no ROBODOC patient sustained an intra-operative fractur [50, 51] . A Japanese RCT comparing ROBODOC and conventional THA found significantly less proximal femoral stress shielding in the robotic group at 2 and 5 years [47] . This finding has been corroborated by a study of women 24 months after robotic or conventional THA, in which proximal medial femoral spot welding was more prevalent (48%, 15/31 vs 11%, 3/27) and stress shielding was less prevalent (17%, 5/31 vs 31%, 8/27) among ROBODOC patients [52] . Nakamura et al. found no significant difference in average limb length inequality, but the ROBODOC group had significantly less variance in limb length inequality than the conventional THA group [47] . More patients with robotic THAs developed heterotopic ossification (27 vs 16%), although the difference was not significant.
A primary benefit of navigation for THA is a reduction in acetabular component positioning outliers. Acetabular cups implanted outside the "safe zone" identified by Lewinnek, which is 5-25°of anteversion and 30-50°of abduction, are at increased risk for instability and dislocation [5•] . Malpositioned cups, particularly those implanted in excessive abduction, have also been linked to accelerated polyethylene wear [53, 54] . Yet, multiple large retrospective studies have demonstrated that with conventional free-hand techniques, only 60-85% of cups are implanted within this acceptable window [55] [56] [57] . In a cadaver study, acetabular components were placed more accurately with the Mako RIO system than by conventional manual reaming [58] . These results are corroborated by clinical case series. Domb et al. found that 100% (50/50) of robotic THA cups were within the Lewinnek safe zone, compared to only 80% (40/50) of conventionally placed cups [59] . Similarly, Elson et al. report that 95% of cups were placed within 3.5°of the intended position [45] . Although few studies have directly compared computer-navigated non-robotic THA to robotic THA, one retrospective review of nearly 2000 THAs showed that both navigated and robotically placed cups were significantly more likely to be within the safe zone than conventional THA, and neither navigated nor robotic THA was superior to the other [60] .
Femoral component size and positioning also contribute to the combined anteversion and leg length, which in turn affect hip stability, gait mechanics, and patient satisfaction. Robotic THA has been shown to achieve limb length equality [47] .
Despite evidence supporting improved accuracy and fewer outliers with robotic THA, it is not yet clear whether these radiographic benefits translate into improved clinical outcomes. Although some authors have reported better clinical scores among patients with robotic THA at short-term followup, these improvements do not persist over longer follow-up periods. Harris hip scores in the original ROBODOC trial were no different between groups at 2 years [48] or at 5-7 years post-op [38] . Nakamura et al. reported a 2-point greater improvement (out of 100 points) in Japanese Orthopedic Association (JOA) clinical scores for the robotic group at 2 and 3 years, JOA scores did not differ at 5 years [47] . In a prospective randomized controlled trial (RCT) comparing ROBODOC and conventional THA through an anterolateral approach, Honl et al. reported better Mayo clinical and Harris hip scores at 12 months, but no difference by 24 months [49] . In the same study, robotic THA was associated with higher dislocation (18%, 11/61) and revision (15%, 3/80) rates, which the authors attribute to abductor damage during robotic milling [49] . Others found that no functional gait impairment when the abductor musculature was protected during ROBODOC surgeries. Other potential technical complications include bone motion during registration or cutting, which requires reregistration, non-displaced femoral shaft fractures requiring cerclage wiring, and milling defects in the acetabulum and greater trochanter [61, 62] .
Cost/Value Total Joint Arthroplasty
The introduction of computer navigation and robotic-assisted arthroplasty has been shown to improve precision, improve patient satisfaction scores and lower blood loss, while lowering certain complication rates. Their widespread acceptance, however, will ultimately depend on the cost-effectiveness and value added to joint replacement. Few studies have directly addressed this topic in relation to joint replacement. Moschetti and colleagues performed a Markov decision analysis to determine the costs, outcomes, and incremental costeffectiveness of robot-assisted UKA [63] . They created a Markov decision model using a low-demand patient population at an age of 65 years. Their model found that case volume has the greatest influence on the cost-effectiveness of the robotic assistance, with a minimum of 94 cases per year (and a revision rate below 1.2%) to become cost-effective over conventional UKA. Further, at this setting, robotic UKA had a slightly better outcome with 0.06 quality-adjusted life-years per case. In another Markov decision model, Novak and colleagues estimated the cost-effectiveness of computer-assisted navigation in total knee arthroplasty using known costs of the technology and procedures and the known outcomes from review of the published literature [64] . They found that computer assistance can be cost-effective if the cost of the technology remained below $629 per case. This decision analysis used current executed revision rates at 15 years and currently published rates of achieving coronal plane alignment within 3°of neutral. Using a Markov model as well, Slover and coauthors found that computer assistance becomes less costeffective as the volume of cases decreases and as the cost of the technology increases [65] . Further, they found that revision rate must decrease for the technology to be cost-effective. In higher volume centers, the 20-year revision rate would have to decrease by 2% to maintain cost-effectiveness and in lower volume centers (25 arthroplasties per year), the revision rate would have to decrease by 13% to become cost-effective. To the point of reducing revision rates, de Steiger and colleagues did show a reduction in revision rate in the Australian joint registry, as mentioned previously [16] .
Not all studies show that technologies in arthroplasty are cost-effective. Burnett and Barrack discuss the cost and complications associated with total knee artrhoplasty computer navigation [19] . They note the increased surgical time, potential need for costly preoperative imaging, the cost of the technology and disposables, and the potential complications unique only to these technologies (pin site infection and fracture).
Summary
In regards to the value added to arthroplasty, there is currently no definitive answer as to how much, or if any, value is added to joint arthroplasty with these newer technologies. Many studies have shown improved outcomes, improved accuracy, and lower revision rates using these technologies. However, the question remains if the extra cost associated with these technologies will keep them viable.
There are many potential benefits to CAS for the future. Beal et al. describe unknown variables that we may be able to elucidate as we use these technologies to solve current problems. Future areas of interest can include teaching, research, rotational alignment of the femur, and surgical documentation opportunities [66] .
Better precision and accuracy should relate to longer survival and better outcomes. As technology becomes more mainstream, hopefully, it will become easier and faster to use and at a more neutral cost. It is the authors' opinion that these technologies are a vital part of the future of orthopaedics.
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